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Effect  of  crystal  fraction  on  hardness  in  FINEMET  and  NANOPERM 
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F.  Johnson 
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M.  Simone,  J.  Barrow,  and  M.  E.  McHenry 

Materials  Science  and  Engineering,  Carnegie  Mellon  University,  Pittsburgh,  Pennsylvania  15213 
(Presented  on  8  November  2004;  published  online  10  May  2005) 

Nanocrystallization  kinetics  of  a  FINEMET  (Fe7i  jSi^  sB6 ^Nb^Cuj  j)  and  a  NANOPERM  alloy 
(Fe9lZr7B2)  were  studied  and  the  variation  of  mechanical  properties  (hardness)  with  volume  fraction 
of  the  crystalline  (VFC)  phase  determined.  Time-dependent  magnetization  and  hysteresis  loop 
measurements  were  used  to  determine  VFC  for  FINEMET  and  NANOPERM,  respectively.  Kinetic 
results  are  presented  to  provide  the  information  necessary  to  interpret  the  hardness  measurements. 
Hardness  was  measured  by  nanoindentation  as  a  function  of  VFC  to  investigate  the  effect  of  the 
evolution  of  the  nanocomposite  structure  on  the  mechanical  properties.  Strengthening  mechanisms 
to  understand  the  linear  increase  of  hardness  with  the  increase  of  VFC  are  presented.  ©  2005 
American  Institute  of  Physics.  [DOI:  10.1063/1.1855173] 


I.  INTRODUCTION 

FINEMET  and  NANOPERM  alloys  are  excellent  soft 
magnetic  nanocomposite  materials  with  the  grain  size  of 
their  primary  crystallization  products  much  smaller  than  their 
magnetic  exchange  length.  In  attempting  to  optimize  the 
magnetic  properties  by  controlling  the  crystallization  pro¬ 
cess,  many  studies  on  those  magnetic  nanocrystalline  mate¬ 
rials  have  focused  on  crystallization  kinetics.  Only  limited 
attention  has  been  given  to  the  study  of  hardness  (a  mechani¬ 
cal  property)  even  though  it  can  play  a  significant  role  in 
influencing  the  magnetic  properties.  The  stress  involved  from 
winding  the  brittle  partially  crystallized  ribbons  on  the  cores 
can  adversely  affect  the  magnetic  properties.  Also,  this  hard¬ 
ness  study  can  produce  a  useful  data  for  the  interpretation  of 
the  magnetostriction. 

The  hardness  of  large  grained  materials  is  well  repre¬ 
sented  by  the  Hall-Petch  relationship  (linear  hardness  in¬ 
crease  with  grain  size  decrease).  However,  as  reported  fre¬ 
quently  in  the  literature,  the  Hall-Petch  relationship  breaks 
down  for  grain  sizes  approaching  —10  nm,  where  the  grain 
size  of  the  alloy  systems  investigated  (FINEMET  and 
NANOPERM)  lies.  It  is  therefore  plausible  that  grain-size 
effects  are  not  the  primary  determinants  influencing  the  hard¬ 
ness  of  extremely  fine  grained  materials.  We  have  investi¬ 
gated  hardness,  by  nanoindentation,  as  a  function  of  the  vol¬ 
ume  fraction  of  crystalline  phase,  VFC  (as  opposed  to  the 
grain  size)  in  nanocomposite  soft  magnets.  This  paper  re¬ 
ports  on  the  results  obtained  from  the  hardness  measure¬ 
ments  as  a  function  of  VFC  with  a  proposed  model  to  ex¬ 
plain  the  results. 

Crystallization  kinetic  studies  were  performed  to  esti¬ 
mate  the  VFC  using  previously  published  magnetic  tech- 
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niques  to  compare  with  those  previously  reported  for  similar 
alloy  compositions.1  5  The  VFC  is  the  important  variable  for 
monitoring  the  crystallization  kinetics  in  the  Johnson-Mehl- 
Avrami  (JMA)  equation.  Here  it  was  measured  from  isother¬ 
mal  kinetic  data  (magnetization,  M  vs  time,  t )  fits  to  the  JMA 
equation.  While  the  kinetic  studies  are  not  new  for  these 
alloys,  they  are  important  to  our  interpretation  of  the  evolu¬ 
tion  of  microstructure  on  hardness. 


II.  EXPERIMENTAL  PROCEDURE 

Amorphous  ribbon  precursors  (—30  /rm  in  thickness 
and  3  mm  in  width)  of  a  NANOPERM  alloy  with  the  nomi¬ 
nal  composition  Fey[Zr7B2  were  produced  using  a  single¬ 
roller  melt  spinning  technique  under  an  Ar  atmosphere.  This 
alloy  has  lower  B  concentration  by  2  at.  %  than  the  base 
NANOPERM  currently  being  used  to  investigate  the  mag¬ 
netic  decoupling  of  nanograins  in  alloys  where  the  Curie 
temperature.  If",  of  the  amorphous  precursor  is  lowered  to 
room  temperature.  Amorphous  ribbon  precursors  of  Si-rich 
FINEMET,  17  /rm  thick  and  35  mm  wide,  were  provided  by 
Spang,  Inc.  The  FINEMET  composition  was  determined  to 
be  Fe^SigBgNb^Cu!  using  an  inductively  coupled  plasma 
(ICP)  chemical  analysis. 

X-ray  diffraction  (XRD)  with  Cu  Ka  radiation  was  used 
for  the  verification  of  amorphous  structure  of  the  amorphous 
ribbon  precursors.  Differential  scanning  calorimetry  (DSC) 
measurements  were  performed  at  five  different  heating  rates: 
5,  10,  20,  40,  and  80  °C/min.  The  magnetic  properties  as  a 
function  of  temperature  and  time  were  measured  with  a 
vibrating-sample  magnetometer  (VSM)  under  applied  field 
of  5  kOe.  Amorphous  ribbon  precursors  were  encapsulated 
in  a  quartz  tube  under  vacuum  and  placed  in  a  furnace  to 
prepare  partially  crystallized  samples  with  various  VFC. 
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FIG.  1.  Magnetization  vs  annealing  time  as  measured  by  VSM  at  tempera¬ 
tures  of  505,  515,  525,  and  545  °C  for  the  FINEMET  alloy  with  the  com¬ 
position  of  Fe71Si9B6Nb3Cu1.  Magnetization  is  directly  proportional  to  the 
volume  fraction  of  the  crystalline  phase  (VFC). 

Scanning  electron  microscopy  (SEM)  was  used  for  the  deter¬ 
mination  of  the  grain  size  of  coarse-grained  iron  with 
99.97%  purity. 

The  shiny  side  of  ribbon  specimens  was  mechanically 
polished  to  a  mirror  finish  with  A1203  powders  prior  to  hard¬ 
ness  test  using  the  Nano  Indenter  XP  (MTS  Systems  Corpo¬ 
ration).  Continuous  stiffness  measurement  (CSM),  with  a 
diamond  Berkovich  indenter,  was  used  for  the  indentation 
experiments.  The  hardness  was  calculated  based  on  the  stiff¬ 
ness  determined  from  the  unloading  curve  at  the  final  inden¬ 
tation  depth  of  1000  nm.  About  30-40  indents  were  per¬ 
formed  on  each  specimen  to  obtain  enough  statistical 
significance  on  the  hardness. 

III.  RESULTS  AND  DISCUSSION 

As  well  known  from  the  thermomagnetic  data,  M{T )  of 
FINEMET  and  NANOPERM  alloys,  the  increase  in  M  at 
primary  crystallization  temperature,  Txi  results  from  the 
magnetic  phase  (bcc  a-Fe  and  D03  FeSi,  respectively)  crys¬ 
tallizing  from  the  nonmagnetic  amorphous  matrix  since  T"" 
is  lower  than  TxX.  The  magnetization  at  Txl  is  proportional  to 
the  VFC,  allowing  for  a  JMA  kinetic  analysis  of  the  isother¬ 
mal  magnetization  data  at  temperatures  near  Tx  i. 

Figure  1  illustrates  the  time-dependent  magnetization, 
M{t )  near  Txl  for  the  FINEMET  amorphous  precursors.  The 
fits  of  these  isothermal  kinetic  data  to  JMA  equation  yielded 
an  activation  energy,  <2JMA  of  3.6  eV.  Analysis  of  constant 
heating  rate  data  obtained  from  DSC  measurements  and  fit  to 
the  Kissinger  equation  yielded  an  activation  energy 
0Kissinger=  A5  eV  for  crystallization.  These  are  comparable  to 
activation  energies  between  3.4  and  4.5  eV,  previously  re- 
ported  for  similar  FINEMET  compositions.  A  morphology 
index,  n,  indicating  the  dimensionality  and  mechanism  of  the 
crystallization  reaction,  obtained  from  the  JMA  kinetic 
model  was  in  the  range  of  n=  1.3- 1.6.  This  is  also  compa¬ 
rable  to  those  (/z  =  1 .3—2.0)  in  the  reports  for  the  similar 
FINEMET  compositions.4'5  The  value  of  the  activation  ener¬ 
gies  and  n  suggests  that  crystallization  occurs  quickly  in  the 


FIG.  2.  Hardness  vs  annealing  time  for  the  FINEMET  at  annealing  tempera¬ 
ture,  7>505  °C  and  for  the  NANOPERM  at  ro=500  and  600  °C.  Error 
bars  on  the  hardness  data  indicate  the  standard  deviation  calculated  from  the 
multiple  indentations  (30-40)  for  each  sample. 

early  stages  due  to  the  aid  of  heterogeneous  nucleation  and 
more  slowly  towards  the  end  stages  as  the  early  transition- 
metal  diffusion  barrier  is  fully  developed. 

The  VFC  for  fully  crystallized  FINEMET  has  been  pre¬ 
viously  reported  by  Okumura  et  al.b  The  VFC  of  fully  crys¬ 
tallized  D03  FeSi  grains  (average  grain  size  of  ~  14- 15  nm) 
was  found  to  be  75%-80%  using  transmission  electron  mi¬ 
croscopy  (TEM).  Therefore,  a  VFC  of  80  was  taken  to  cor¬ 
respond  to  the  50  emu/g  of  M  of  the  fully  crystallized  nano¬ 
crystals  and  then  scaled  proportionally  to  the  M  for  partially 
crystallized  nanocomposites.  The  VFC  is  shown  on  the  right 
y  axis  of  the  Fig.  1  to  be  used  as  a  reference.  The  NANOP¬ 
ERM  VFC  was  estimated  by  measuring  a  hysteresis  loop  at 
400  K  for  the  samples  previously  annealed  at  500  and 
600  °C  for  various  times.  400  K  is  well  above  the  74f"" 
(230  K)  and  below  the  Curie  temperature  of  the  Fe  nano¬ 
crystalline  grains  (993  K).  The  linear  paramagnetic  signal 
from  the  amorphous  matrix  was  subtracted  from  the  hyster¬ 
esis  loop,  leaving  the  ferromagnetic  hysteresis  loop  of  the 
bcc  Fe  nanocrystalline  grains.  Thus,  VFC  was  estimated  by 
comparing  the  saturation  magnetization,  Ms  obtained  from 
the  hysteresis  loop  to  an  estimate  of  the  Ms  of  pure  Fe  at 
400  K(210  emu/g). 

Figure  2  shows  the  hardness  data  obtained  from  the 
nanoindentation  experiments  of  NANOPERM  and 
FINEMET  alloys  as  a  function  of  annealing  time  for  anneal¬ 
ing  temperatures  near  Tx  i.  Error  bars  on  the  hardness  data 
reflect  the  standard  deviation  calculated  from  the  multiple 
indentations  (30-40)  for  each  sample.  The  hardness  is  ob¬ 
served  to  increase  with  increasing  VFC  and  exhibited  similar 
trends  as  for  the  magnetization  kinetic  data  of  Fig.  1.  JMA 
analysis  applied  to  the  hardness  data  of  NANOPERM 
yielded  QJMA=~2.93  eV,  slightly  lower  than  that  of  base 
NANOPERM  composition  (FexyZr7B4)  (3-3.4  eV)  reported 
by  Hsiao  et  al. 1  This  could  be  due  to  the  lower  B  concentra¬ 
tion  by  2  at.  %  than  the  base  NANOPERM,  which  reduces 
the  contribution  from  the  diffusion  of  B  atoms  to  the  growth 
mechanism. 
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FIG.  3.  Hardness  vs  volume  fraction  of  the  crystalline  phase  (VFC)  for  the 
FINEMET  and  NANOPERM  alloys.  Error  bars  on  the  hardness  data  indi¬ 
cate  the  standard  deviation.  The  plot  also  shows  the  linear  fit  to  those  hard¬ 
ness  data  points  and  the  hardness  of  pure  Fe  with  the  grain  size  greater  than 
~13  nm. 

Figure  3  shows  the  hardness  variation  as  a  function  of 
VFC  for  FINEMET  and  NANOPERM.  In  both  alloys,  hard¬ 
ness  increased  almost  linearly  with  increasing  VFC  and  the 
fully  saturated  nanocrystalline  alloys  exhibited  about  1.5  and 
2  times  higher  hardness,  respectively,  than  amorphous  pre¬ 
cursors.  The  hardness  for  VFC  >  74%  for  NANOPERM  and 
VFC  >  80%  for  FINEMET  was  not  measured  because  of  the 
considerable  slowing  of  the  growth  kinetics  as  the  amor¬ 
phous  region  surrounding  nanocrystals  is  enriched  in  early 
transition  metals  at  the  end  of  the  crystallization  process. 

In  an  attempt  to  compare  the  hardness  of  NANOPERM 
extrapolated  to  a  VFC  =100%,  with  that  of  nanocrystalline 
bcc  a- 1 ;e  (the  crystalline  phase  in  NANOPERM),  the  hard¬ 
ness  of  coarse-grained  bcc  cr-Fe  was  measured  on  the  same 
hardness  scale  (Berkovich).  This  hardness  value  was  com¬ 
pared  to  a  Vickers  hardness  at  the  same  grain  size  for  ball- 
milled  ff-Fe  polycrystalline  materials  measured  by  Malow 
and  Koch,7  In  their  work,  the  Hall-Petch  grain- size  depen¬ 
dence  of  the  hardness  (increasing  hardness  linearly  with  de¬ 
creasing  grain  size)  was  observed  for  the  grain  size  greater 
than  —13  nm  with  a  plateau  region  for  the  grain  size  smaller, 
indicating  the  breakdown  of  the  Hall-Petch  relationship. 
Their  Vickers  hardness  in  the  plateau  region  was  converted 
back  to  the  Berkovich  hardness  scale  and  shown  for  com¬ 
parison  in  Fig.  3.  It  is  in  good  agreement  with  that  predicted 
by  the  linear  extrapolation  of  the  hardness  of  the 
NANOPERM  to  a  VFC=100%. 

In  the  work  of  Malow,  no  grain-size  effect  on  hardness 
was  observed  in  the  (<13  nm)  nanoscale-grain  region  (pla¬ 
teau  region).  This  is  because  the  Hall-Petch  strengthening 
mechanism  is  only  viable  in  the  grain-size  region  where  the 
grain-boundary  structure  is  the  same  as  those  of  coarse¬ 
grained  materials.  One  of  the  main  problems  with  extrapo¬ 


lating  the  Hall-Petch  behavior  to  the  extremely  fine  grain 
sizes  is  the  lack  of  space  for  creating  the  dislocation  pileups 
at  a  very  small  grain  size.  A  dispersion  or  precipitation  hard¬ 
ening  model,  where  the  particle  size  is  one  of  the  important 
factors  determining  hardness,  is  also  not  a  viable  alternative 
since  it  is  based  on  the  interaction  of  dislocation  with  the 
particles;  however,  no  dislocations  exist  in  the  amorphous 
matrix  for  NANOPERM  and  FINEMET  alloys.  We  have 
pursued  a  different  approach  to  evaluate  the  observed  hard¬ 
ening  in  light  of  solution  hardening  models  where  the  VFC 
rather  than  grain  size  is  the  natural  variable. 

As  illustrated  in  Fig.  3,  the  clear  linear  relationship  be¬ 
tween  hardness  and  VFC  indicates  that  the  VFC  is  the  deter¬ 
mining  factor  for  the  hardness.  We  propose  a  model  to  ex¬ 
plain  this  relationship  based  on  a  solid  solution  hardening 
mechanism,  which  is  independent  of  grain  size.  We  postulate 
that  it  is  the  strain  introduced  into  the  dense  random  packing 
of  hard-sphere  (DRPHS)  atoms  in  amorphous  matrix  by  vir¬ 
tue  of  the  increasing  Zr  and  B  concentrations  that  accompany 
their  expulsion  from  the  primary  nanocrystals.  This  was  cor¬ 
roborated  by  the  independent  study  of  the  mechanical  prop¬ 
erties  of  amorphous  precursors  with  higher  Zr  and/or  B  con¬ 
centrations. 

To  investigate  the  solid  solution  hardening  model  fur¬ 
ther,  we  produced  the  amorphous  ribbons  with  a  composition 
of  Fe89Zr7B4  (higher  concentration  of  B  by  2  at.  %)  and 
Fe85Zr9B6  (higher  concentration  of  Zr  by  2  at.  %  and  B  by 
4  at.  %).  The  hardness  increased  from  7.4  GPa  (as-cast 
samples  of  Fe91Zr7B2)  to  8.5  GPa  (Fe89Zr7B4)  and  to 
9.3  GPa  (Fe85Zr9B6)  in  these  two  alloys.  As  nanocrystalliza¬ 
tion  proceeds,  larger  Nb  (FINEMET)  or  Zr  (NANOPERM) 
atoms  are  expelled  to  the  amorphous  regions  causing  what  is 
equivalent  to  “substitutional  solid  solution  hardening.”  It  is 
also  plausible  that  there  is  a  contribution  of  “interstitial” 
hardening  from  the  smaller  B  atoms  diffusing  into  the  inter¬ 
stices  in  the  DRPHS  amorphous  network.  Our  measurements 
for  the  influence  of  increasing  the  concentration  of  glass 
formers  in  similar  amorphous  alloys  bear  this  out. 
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